Abstract. Isoprene is the largest single VOC emission to the atmosphere. Although it is primarily oxidized photochemically during daylight hours, late-day emissions that remain in the atmosphere at sunset undergo oxidation by NO 3 in regionally polluted areas with large NO x levels. A recent aircraft study examined isoprene and its nocturnal oxidants in a series of night flights across the Northeast US, a region with large emissions of both isoprene and NO x . Substantial amounts of isoprene that were observed after dark were strongly anticorrelated with measured NO 3 and were the most important factor determining the lifetime of this radical. The products of photochemical oxidation of isoprene, methyl vinyl ketone and methacrolein, were more uniformly distributed, and served as tracers for the presence of isoprene at sunset, prior to its oxidation by NO 3 . A determination of the mass of isoprene oxidized in darkness showed it to be a large fraction (>20%) of emitted isoprene. Organic nitrates produced from the NO 3 +isoprene reaction, though not directly measured, were estimated to account for 2-9% of total reactive nitrogen. The mass of isoprene oxidized by NO 3 was comparable to and correlated with the organic aerosol Correspondence to: S. S. Brown (steven.s.brown@noaa.gov) loading for flights with relatively low organic aerosol background. The contribution of nocturnal isoprene oxidation to secondary organic aerosol was determined in the range 1-17%, and isoprene SOA mass derived from NO 3 was calculated to exceed that due to OH by approximately 50%.
Introduction
Isoprene is the most important biogenically emitted VOC (440-660 Tg C yr −1 globally, Guenther et al., 2006) and is important in regulating levels of tropospheric oxidants such as ozone and OH (Lelieveld et al., 2008; Poisson et al., 2000; Trainer et al., 1987) and in the formation of secondary organic aerosol (Claeys et al., 2004; Henze and Seinfeld, 2006) . Emissions of isoprene from the terrestrial biosphere are dependent on season, temperature and sunlight (Fuentes et al., 2000) , such that the majority of isoprene emissions occur at warm temperatures and during daylight hours. Because isoprene emissions are approximately coincident in time with the photochemical generation of OH radicals, and because of the reactivity of isoprene with OH (1.4 h lifetime for [OH]=2×10 6 molecules cm 3 , Atkinson and Arey, 2003) , the majority of emitted isoprene undergoes rapid photochemical oxidation.
Isoprene that is emitted late in the day, particularly during the late afternoon as OH concentrations begin to fall, will not be fully oxidized photochemically and can remain in the nighttime atmosphere. Ozonolysis typically consumes less than 50%, of this isoprene (Atkinson and Arey, 2003) , allowing for overnight transport and oxidation on the following day. In polluted areas however, the presence of NO x leads to the formation of the nitrate radical, NO 3 , which is also a strong oxidant toward isoprene . This radical is unstable in sunlight, but at night its presence leads to an estimated lifetime for isoprene that is similar to that predicted for photochemical oxidation (Atkinson and Arey, 2003) . If the nocturnal production rate of NO 3 is sufficient, and if the level of NO x in a nighttime air mass exceeds that of isoprene itself, then reaction with NO 3 will lead to complete consumption of isoprene overnight. The presence of NO x pollution thus represents an anthropogenic perturbation on the isoprene oxidation cycle.
The size of this NO x perturbation depends on the fraction of the diurnal isoprene emission that remains in the atmosphere at sunset and the spatial overlap of this isoprene with anthropogenic NO x emissions. Recent model estimates that consider global or continental averages place the fraction of total isoprene emissions that are oxidized by NO 3 at 6% of North American (Horowitz et al., 2007) and 6-7% of global isoprene emissions (Ng et al., 2008) . Even though these figures are a small fraction of total isoprene emissions, they nevertheless represent a large mass on a global scale (e.g. 22-29 Tg of isoprene consumed by this reaction annually, Ng et al., 2008) . If such estimates are correct, they represent a significant fraction of oxidized nitrogen consumption as well (4.5-6.0 Tg N annually, or 12-16% of year 2000 global anthropogenic NO x emissions, Olivier and Berdowski, 2001) .
Despite the large isoprene mass oxidized via NO 3 reaction, the resulting products have not been widely studied. The reaction is known to produce unsaturated organic nitrates with a yield of approximately 80% as first-generation products (Barnes et al., 1990) . These nitrates consist of unsaturated hydroxy-, hydroperoxy-and carbonyl nitrates (Kwok et al., 1996; Skov et al., 1992 Skov et al., , 1994 Tuazon et al., 1999; Berndt and Boge, 1997) , with a recent study also showing evidence for formation of dinitrates and oligomers (Ng et al., 2008) . The subsequent fates of such compounds are poorly understood and are an important uncertainty in isoprene oxidation models (Fan and Zhang, 2004; Paulson and Seinfeld, 1992) . These uncertainties may reduce the accuracy of modeled transport and/or loss of reactive nitrogen or of modeled surface level ozone (Horowitz et al., 2007; von Kuhlmann et al., 2004) . Recently, Ng et al. (2008) measured mass yields of secondary organic aerosol from the oxidation of isoprene by NO 3 to be in the range 5-25%, much larger than that from OH (1-3%, Kroll et al., 2005) or O 3 (<1%, Kleindienst et al., 2007) reactions, and estimated the contribution of this reaction to global secondary organic aerosol production at 2-3 Tg yr −1 .
Several recent surface-level field studies have examined nocturnal isoprene oxidation in both polluted and remote forested environments. Although nighttime decays of surface-level isoprene are well-documented (Hurst et al., 2001; Trainer et al., 1991) , their interpretation is often complicated by the competing effects of chemistry and transport, particularly within shallow nocturnal boundary layers . For example, measurements at forested sites impacted by urban NO x emissions have in several instances found evening isoprene loss rates consistent with consumption by NO 3 radicals (Starn et al., 1998; Steinbacher et al., 2005; Stroud et al., 2002) , while analysis of data from more remote locations have shown the importance of either transport or, possibly, additional oxidants such as nighttime OH (Biesenthal et al., 1998; Sillman et al., 2002) . Analyses of surface level NO 3 measurements in regions downwind of forested areas have shown that biogenic VOCs, including isoprene and monoterpenes, consume a significant fraction of NO 3 radicals (Aldener et al., 2006; Ambrose et al., 2007; Geyer et al., 2001; McLaren et al., 2004) . A ship-based study in coastal New England also found that reaction with NO 3 was responsible for some 40% of the loss of isoprene advected over water from mixed urban/forested areas .
Here, we report nocturnal observations of isoprene, its oxidation products and its major nighttime oxidants from the NOAA P-3 aircraft. This study differs from surface level measurements at a fixed location in that it provides a regional analysis of the degree to which isoprene is oxidized at night. Furthermore, the nighttime aircraft observations sample primarily above the nocturnal boundary layer and are therefore decoupled from surface emissions, nocturnal boundary layer dynamics and deposition. This study examines the fate of isoprene that is transported or oxidized aloft within the residual, daytime boundary layer, where the majority of the daytime-emitted isoprene remaining at sunset resides. Figure 1 shows the nighttime flight tracks of the P-3 superimposed on an isoprene emissions inventory map for this region (Guenther et al., 2006) . These nighttime flights sampled in urban and forested regions across the Northeast US, an area with both large isoprene and NO x emissions, where NO 3 -driven isoprene oxidation is likely to be particularly important.
Experimental methods
These measurements were part of the 2004 New England Air Quality Study (NEAQS), part of the larger Intercontinental Consortium for Atmospheric Research on Transport and Transformation (ICARTT) , which took place in July and August in the Northeast US. Table 1 lists the trace gas and aerosol measurements relevant for this Atmos. Chem. Phys., 9, 3027-3042, 2009
www.atmos-chem-phys.net/9/3027/2009/ (Dubé et al., 2006) . The most important limitation to the measurement accuracy was the inlet transmisison efficiency, which during this campaign was calibrated before and after the field measurements in a series of laboratory experiments. More recent deployments of this insturment have included in-field calibrations, as described by Fuch et al. (2008) . There were two separate VOC instruments: a proton transfer reaction mass spectrometer (PTRMS) for high time resolution measurements; and cannister samples for more speciated VOC measurements at higher precision but lower time resolution. The latter were collected in flight and analyzed post-flight by gas chromatography/mass spectrometery. Both instruments measured isoprene and its oxidation products, methyl vinyl ketone (MVK) and methacrolein (MACR). The two instruments agreed to within experimental uncertainties . For isoprene measurements, the PTRMS is less specific and may show interferences at low levels (see below). The PTRMS also measures MVK and MACR as the sum of the two compounds, whereas the cannister samples speciate the two.
NO x enhancement of nocturnal alkene ozonolysis
Ozone and NO 3 are both highly reactive toward unsaturated VOCs and are the most important nocturnal oxidants for isoprene. While ozone is more uniformly distributed in the troposphere and is thought to be a more important oxidant for isoprene globally, reaction with NO 3 can easily dominate the nighttime chemical loss for isoprene on a regional scale. Because NO 3 also requires ozone for its production, its further reaction with isoprene is equivalent to an enhancement to the background rate of nocturnal isoprene ozonolysis.
Quantities in square brackets indicate concentrations in number density units. In the early evening, when isoprene concentrations over a forested areas are large, isoprene will be the dominant reaction partner for NO 3 radicals produced in reaction (R2). Under these conditions, NO 3 will rapidly achieve a steady state between reactions (R2) and (R3) such that its concentration can be approximately written as the ratio of its production rate and first-order loss rate coefficient (Platt et al., 1984) . Red points are PTRMS isoprene (high time resolution), and blue points are canister samples (low time resolution, higher precision). In some cases, there is a small background at the mass used for isoprene detection in the PTRMS (m/z=69), evident on the comparison to the canister samples at high NO 3 .
[
Here Isop is the fraction of NO 3 radicals produced in reaction (R2) that react with isoprene (i.e., the ratio of the first order loss rate coefficient of NO 3 with isoprene to the sum of all first order loss rate coefficients of NO 3 radicals, including indirect loss by hydrolysis of N 2 O 5 ). Substitution of Eq. (2) into Eq. (1) yields a simple result that demonstrates the enhancement of the background isoprene ozonolysis rate in the presence of NO x .
In order for the NO 3 reaction to consume a large fraction of the available isoprene, the concentration of NO 2 must exceed that of isoprene such that NO x is not the limiting reagent. For [NO 2 ]≥[Isop], the second term in Eq. (3) exceeds the first by at least a factor of 2.8 at 298 K (for Isop ≈1) (Atkinson and Arey, 2003) , such that the NO 3 reaction always dominates if there is sufficient NO 2 available (e.g., Sommariva et al., 2008) . Figure 2 shows the eastern part of the P-3 track after sunset on the night of 9-10 August 2004, color and size coded by the mixing ratios of both NO 3 and isoprene. (The western side of the track over western Pennsylvania and Ohio was characterized by lower isoprene and large sulfate aerosol loading, such that reactivity of NO 3 and N 2 O 5 was dominated by N 2 O 5 uptake to particles rather than by NO 3 isoprene chemistry, Brown et al., 2006b ). Comparison of the two maps shows that the spatial distribution of NO 3 and isoprene over the Northeast US were strongly anticorrelated, with NO 3 present at large mixing ratios (up to 350 pptv) downwind of major urban areas, and isoprene present in all areas not impacted by rapid production of NO 3 . The scatter plot in the lower panel of Fig. 2 shows this anticorrelation, which was a persistent feature of all night flights in which measurable isoprene was present. As the next section demonstrates, the anticorrelation is not simply the result of the spatial distribution of isoprene and NO x emissions, but rather due to oxidation of a diffusely distributed background of isoprene in areas where the NO x levels were sufficient to rapidly consume isoprene in the hours just after sunset. Figure 3 shows the time series of isoprene and the firstorder loss rate coefficients for NO 3 radicals for the portion of the flight tracks shown in Fig. 2 . The figure compares two different calculations of this rate coefficient. The first is the ratio of the production rate for NO 3 from reaction (R2) to the observed NO 3 concentration. This quantity, referred to as the inverse steady state lifetime (Platt et al., 1984) or the loss frequency (Geyer and Platt, 2002) for NO 3 , is a measure of the total first-order loss rate coefficient for NO 3 radicals under conditions where the NO 3 and N 2 O 5 system has achieved a steady state with respect to production from reaction (R2) and losses to reactions of both NO 3 and N 2 O 5 (generally valid for conditions of rapid sinks for NO 3 and N 2 O 5 , warmer temperatures, and lower NO 2 concentrations, Allan et al., 2000; Brown et al., 2003) . At steady state, the following approximate relationship between equation (4) and NO 3 sinks holds.
The first term on the right hand side above is a summation of the products of bimolecular rate coefficients and VOC concentrations for all VOCs that are reactive with NO 3 . The second term is the indirect loss rate coefficient for NO 3 radicals due to hydrolysis of N 2 O 5 , with a first-order uptake coefficient to aerosols k hydrolysis . K eq is the temperature dependent equilibrium constant for the reversible reaction of NO 3 with NO 2 to form N 2 O 5 . This expression neglects daytime reactions, such as photolysis of NO 3 and reaction of NO 3 with NO, and heterogeneous uptake of NO 3 (although the latter could easily be incorporated into the summation).
The second calculation of the NO 3 first order loss rate coefficient in Fig. 3 is the loss of NO 3 due only to reaction with isoprene. Fig. 4 . Plot of first-order loss rate coefficient for NO 3 with isoprene against inverse NO 3 lifetime for the data in Fig. 3 , averaged to 30 s and for inverse NO 3 lifetimes >0.05 min −1 (≈50 pptv isoprene), above which isoprene loss is the controlling factor.
Here, k 3 is the bimolecular rate coefficient for reaction (R3). Although Eq. (6) represents only a single term from the summation in Eq. (5), the correspondence of the time series between the two independently measured quantities in Fig. 3 is remarkable. The plot of τ (NO 3 ) −1 vs. k I (Isoprene) in Fig. 4 shows that for isoprene levels greater than 50 pptv, loss to isoprene accounted for 73±8% of the NO 3 loss determined from τ (NO 3 ) −1 . This observation suggests not only that the approximate isoprene loss rate in Eq. (3) is valid, but that the value of Isop can be taken as ∼0.73. This value may be taken as an average above 50 pptv isoprene, since at very large isoprene, the value of Isop should approach unity (see upward curvature in Fig. 4) . The remaining consumption of NO 3 radicals is not defined here, although possibilities include reactions with other biogenic VOC, second generation isoprene oxidation products, peroxy radicals and heterogeneous uptake of either NO 3 or N 2 O 5 (although the latter was negligible for the eastern leg of the 9-10 August flight, Brown et al., 2006b ).
This analysis shows that isoprene, when present within the residual daytime boundary layer (observed here to be approximately 0.1-1.5 km, Brown et al., 2007) , controls the loss of NO 3 and therefore the consumption of NO x at night. Furthermore, under the assumption that nighttime OH contributes negligibly to isoprene oxidation, a large fraction of the isoprene present at sunset within NO x -containing air masses is lost to reaction with NO 3 rather than reacting with ozone or being transported overnight. The next section outlines a method by which isoprene and NO 2 at sunset may be estimated for nocturnally sampled air masses. Sunset NO 2 was nearly always in excess over isoprene, such that the second term in Eq. (3) was dominant. In fact, comparison of the two terms in Eq. (3) at sunset shows that well over 90% of the isoprene oxidized in the dark was lost to reaction with NO 3 rather than ozone. Thus, in an area with large regional NO x and isoprene emissions such at the Northeast US, NO x emissions are a determining factor for isoprene loss budgets overnight.
Relationship between isoprene and MVK+MACR at night
The products of the photochemical oxidation of isoprene, methyl vinyl ketone and methacrolein (MVK+MACR), serve as tracers for the presence of isoprene chemistry within the residual daytime boundary layer at sunset. These compounds are produced in high yields from the atmospheric oxidation of isoprene by either OH or O 3 (Atkinson and Arey, 2003) but at low yields (3.5%) in the NO 3 oxidation of isoprene (Kwok et al., 1996) . Nighttime oxidation of isoprene by ozone produces MVK+MACR, but much more slowly than does OH oxidation, and their production is nearly negligible if most of the nighttime oxidation occurs via NO 3 . Furthermore, these compounds are much less reactive with either O 3 or NO 3 than isoprene itself. Surface level measurements have shown that MVK+MACR change only slowly at night while isoprene decays rapidly in air masses with a large NO 3 production rate (Stroud et al., 2002) . Because methyl vinyl ketone and methacrolein have the same mass, they are measured as a single sum by the PTRMS instrument. Figure 5 shows maps of the night flight on 3 August 2004, color and size coded by NO 3 , isoprene and MVK+MACR. The spatial distribution of isoprene and NO 3 is similar to that for the 9-10 August flight shown in Fig. 2 , and the scatter plot of isoprene against NO 3 again shows the same anticorrelation observed between these compounds that was characteristic of the night flights. The spatial distribution of MVK+MACR is considerably different, however. This tracer is more uniformly distributed than isoprene and appears in areas where isoprene is absent but NO 3 is present at large mixing ratios. The observed anticorrelation between NO 3 and isoprene at night was therefore not simply a result of spatial separation between NO x and isoprene emissions, but rather due to oxidation of isoprene in regions where NO x emissions provided a sufficient NO 3 source.
Isoprene oxidized after dark
The amount of isoprene that had been present at sunset in air masses sampled after dark may be calculated directly from integration of Eq. (3) backwards in time. The choice of sunset as a starting point is arbitrary in that the transition from daytime, photochemical oxidation to nighttime, NO 3 oxidation does not occur suddenly, but gradually. However, the period around sunset is one in which previous studies have The abrupt end to the flight track over Connecticut was due to a technical difficulty that forced the suspension of data collection at that point. The upper right graph shows the correlation plot between isoprene and NO 3 as in Fig. 2. shown at most very slow oxidative processes (e.g. , such that this time can be taken as the transition point with minimal error. This analysis is only possible for air samples in which measurable isoprene remains in an air mass at night because the isoprene concentration itself appears in this equation and because the approximation relies on the assumption that isoprene is the major reaction partner for NO 3 . It further relies on the assumption that air masses sampled aloft at night were decoupled from surface emissions trapped within the shallow nocturnal boundary layer after sunset. The integral has an analytical solution under the assumption of constant ozone over the period since sunset; the validity of this approximation depends on the amount of ozone consumed in reaction (R2) and is appropriate for ozone in large excess over NO 2 , which was generally the case for the analysis presented here (O 3 ∼20-100×NO 2 ). Because N 2 O 5 hydrolysis is unimportant in comparison to the reaction of NO 3 with isoprene for large isoprene levels, the rate of NO 2 consumption, which is explicitly incorporated into the expression below, is equal to the rate of reaction (R2) (rather than being twice this rate, as would be the case if N 2 O 5 hydrolysis were dominant, . However, the NO 3 +isoprene reaction regenerates a fraction of NO 2 with a yield, NO 2 , of 20%; the remainder of the nitrogen goes to organic nitrates (Barnes et al., 1990) .
With these assumptions, the integral of Eq. (3) over the time interval to sunset (taken here as solar zenith angle of 90 • at the sampling location) has an analytical solution for the initial isoprene. Figure 6 shows initial isoprene calculated from Eq. (7) for the 3 August flight as a time series along with observed isoprene and MVK+MACR. The lower panel of this figure gives the correlation between calculated initial isoprene and observed MVK+MACR. The correlation between derived sunset isoprene and observed MVK+MACR on the 3 August flight (correlation coefficient=0.72, see Table 2 ) was higher than for other flights. For this flight, MVK+MACR has been used to estimate sunset isoprene even in air masses where the isoprene had already been completely lost to oxidation. The slope of the correlation plot in Fig. 6 is 0.6±0.3, where the ±50% error bars, shown as dashed lines on the plot represent limits that encompass the majority of the data. The ratio of isoprene to MVK+MACR at sunset is expected to be variable since it depends on the time of emission and the photochemical processing time prior to sunset. Measured values of this ratio for late day measurements (within 3 h prior to 0.5 h after sunset) from NEAQS 2004 gave an average value of 0.4±0.3 (±1σ ). Values from surface level measurements, on the other hand, tend to be somewhat larger, approximately 1:1 (e.g., Stroud et al., 2002) . The correlation between derived sunset isoprene and MVK+MACR for the 3 August flight, and the large late-day isoprene emission on this flight (see below), indicate that the use of MVK+MACR as a semi-quantitative isoprene tracer is appropriate for this flight. Figure 7 shows the estimate for isoprene oxidized after dark for the 3 August flight. As described above, this estimate is taken as a constant ratio of 0.6±0.3 times the MVK+MACR data, minus the measured isoprene still present in the air mass. Maximum values for this estimate are in the range of 1-2 ppbv. Also shown is the integrated isoprene emission into each sampled air mass on the preceding day, calculated using a Lagrangian particle dispersion model (FLEXPART) (Stohl et al., 2005) . FLEXPART was driven by model-level data from the European Centre for MediumRange Weather Forecasts (ECMWF) with a temporal resolution of 3 h (analyses at 00:00, 06:00, 12:00, 18:00 UTC; 3-h forecasts at 03:00, 09:00, 15:00, 21:00 UTC) and 91 vertical levels and a horizontal resolution of 0.360×0.360. Isoprene emissions were taken from BEIS3.12. The temperature and light dependence of isoprene was calculated hourly for each isoprene emission grid with the EPA recommended canopy environment model by using the ECMWF 2 m temperature and net solar radiation, interpolated linearly in space and time using the two nearest ECMWF fields.
One calculation shows isoprene emissions for the preceding daylight hours, and a second shows emissions for only the 6 h preceding the time of sampling. These late day emissions were calculated to sometimes be a large fraction of the total, reflecting the air mass history. In the early part of the flight, backward trajectories had passed over the isoprenerich areas of western Massachusetts, as illustrated in the map in the lower panel of the figure. For air masses sampled below the top of the residual daytime boundary layer on this flight (<1.5 km), the average ratio of the isoprene oxidized after dark to the total emissions was 22±11%, although values over Massachusetts were larger. The estimated isoprene oxidized after dark was a large fraction of the isoprene emitted within the preceding 6 h of the sample time in the early part of the flight. The flight began approximately two hours after local sunset, so that in the early part of the flight, the calculated 6 h isoprene emissions, which are sunlight dependent, would have occurred within 2-4 h of sunset. The fraction of isoprene oxidized after dark determined from the 3 August flight can be compared to models of North American isoprene oxidation. For example, a recent calculation of the fraction of total North American isoprene emissions that are oxidized by NO 3 puts this figure at 6% (Horowitz et al., 2007) . Within a domain that includes only the Northeast US, encompassing the land areas sampled by the flight tracks shown in Fig. 1 , a WRF-CHEM (Weather Research Forecast) model simulation for a single summer day predicts 8% of total isoprene emissions oxidized by NO 3 for clear sky conditions, and 20% for cloudy conditions. These WRF-CHEM runs use the same domain, photochemistry, updated 2004 anthropogenic emissions and physics options as those documented in (Kim et al., 2006) , however they are based on a newer release of WRF and WRF-CHEM (ARW version 3.0, Skamarock et al., 2008) . The value of 22±11% is larger than these domain-wide average estimates, likely because of sampling in an air mass with large late-day isoprene emissions in close proximity to NO x pollution sources. This relatively larger fraction of isoprene emissions that are oxidized by NO 3 inferred from some of the NEAQS flights has consequences for ozone, reactive nitrogen and aerosol growth, as outlined in the next sections.
Reactive nitrogen partitioning
The products of the NO 3 +isoprene reaction are primarily organic nitrates that may contribute measurably to total reactive nitrogen (NO y ). Starn et al. (1998) estimated NO 3 -derived isoprene nitrates to be 8% of total reactive nitrogen at an NO x impacted forested site. Direct measurements of the organic nitrates from nocturnal isoprene oxidation, however, are sparse. Ballschmitter and coworkers measured these compounds by chromatographic methods in remote areas (e.g., marine environments) where there were only very small concentrations (Fischer et al., 2000; Werner et al., 1999) . Shepson and coworkers reported diurnal patterns for these compounds in forested regions in Michigan and Tennessee (Giacopelli et al., 2005; Grossenbacher et al., 2001 Grossenbacher et al., , 2004 but focused mainly on the photochemical production from reactions of isoprene peroxy radicals with NO. For the P-3 flights during NEAQS 2004, there were no specific measurements of isoprene nitrates. Figure 8 shows a time series of different components of reactive nitrogen, including HNO 3 , PAN (shown here as the sum of speciated PANs measured with a chemical ionization mass spectrometer, see Table 1 ), NO x , N 2 O 5 and isoprene nitrates from isoprene+NO 3 . The isoprene nitrate trace is the product of the estimate for total isoprene reacted after dark and the laboratory organic nitrate yield of 80% (Barnes et al., 1990) and includes only production of these nitrates. Potential loss of these nitrates due to further reaction with NO 3 or with O 3 could reduce the amount of reactive nitrogen stored in this form if it were to result in release of NO 2 from the nitrate, or increase the amount of organic nitrate if, for example, further reaction with NO 3 were to result in the production of di-nitrates. The calculation does not include an estimate for isoprene nitrates derived from the photochemical reactions of isoprene peroxy radicals with NO, which are thought to be between approximately 4-10% of the isoprene oxidized during daytime under high NO x conditions (Chen et al., 1998; Sprengnether et al., 2002) . Although regional models predict approximately equal production of isoprene nitrates from daytime and nighttime mechanisms (Horowitz et al., 2007) , for the air masses sampled on the 3 August flight, where a large fraction of the emitted isoprene were shown to have been oxidized after dark, isoprene nitrates derived from NO 3 should dominate over their photochemical analogs. Also shown in Fig. 8 is the sum of reactive nitrogen, denoted here as NO y Sum. This sum is not a direct measurement from an NO y instrument (not available for these flights) but from the sum of all of the compounds shown in the time series, including 2×N 2 O 5 . The middle panel of Fig. 8 shows the partitioning among these compounds, and the two pie charts at the bottom show the average partitioning for the early part of the flight, over the isoprene rich areas of New Hampshire, Massachusetts and Rhode Island, and for the entire flight.
Nitric acid was the dominant component of reactive nitrogen on this and other night flights during this campaign. Because the aircraft samples from the residual daytime boundary layer, which decouples from the surface at night, soluble gases such as HNO 3 do not undergo efficient loss to dry deposition, and are longer-lived than on daytime flights in well mixed boundary layers (Neuman, 2006) . Analysis of HNO 3 -O 3 correlations (Brown et al., 2006a) and steady state lifetimes of NO 3 and N 2 O 5 (Brown et al., 2006b ) (not shown) showed that much of the HNO 3 in the early part of the flight had been formed photochemically from reaction of NO 2 with OH, while the plume over New York City sampled later in the flight had a large contribution from N 2 O 5 hydrolysis. The dominance of HNO 3 resulting from N 2 O 5 hydrolysis within the New York City plume reduced the relative contribution of isoprene nitrates to NO y , although the total mass of these compounds was still similar to the earlier part of the flight.
The calculated isoprene nitrates from nocturnal oxidation represent 9±5% and 4±2% of total reactive nitrogen in the isoprene-rich areas and in the New York plume, respectively. In the isoprene-rich areas, this contribution was slightly less than half of PAN, the longest-lived component of NO y . As noted above, the fate of NO 3 -derived isoprene nitrates is highly uncertain, and they may be quite reactive. If, however, the NO 3 -derived isoprene nitrates were as long-lived as PAN compounds, they could represent a large fraction of Fig. 9 . Plot of calculated isoprene nitrates from NO 3 +isoprene against the calculated NO 2 that had been oxidized after sunset, assuming that reactions of NO 3 were dominant compared to N 2 O 5 hydrolysis, for the first half of the 3 August flight.
NO y as the air mass ages and as NO x and HNO 3 are lost to oxidation and deposition.
The importance of isoprene nitrates to reactive nitrogen partitioning at night can be demonstrated by examining only the nighttime NO x oxidation products. Figure [O 3 ] t sunset −1)). The slope is 0.56, indicating that about half of the NO 2 consumed in darkness led to production of isoprene nitrates. Although the production of NO 3 -derived isoprene nitrates generally amounted to less than 10% of total NO y , they were approximately half of the NO x consumption after dark in this air mass. Similar analyses hold for the other night flights analyzed for this campaign, as shown in Table 3 . These observations are in part a consequence of measurements from aircraft in the residual daytime boundary layer, which are isolated from NO x emissions occurring below the nocturnal boundary layer and are thus likely to show evidence for a larger fraction of photochemical NO y oxidation products, such as PAN and photochemically generated HNO 3 . At lower altitudes, particularly the upper portion of the nocturnal boundary layer, the oxidation products of the nighttime reactions may represent a larger fraction of NO y (Brown et al., 2007; Stutz et al., 2004) .
Secondary organic aerosol
The production of secondary organic aerosol (SOA) is a topic of considerable current interest. For example, analyses of VOC and aerosol data in the same region of the Northeast US have shown that organic aerosol is well-correlated with , nocturnally oxidized isoprene (in µg C m −3 , same axis) and secondary organic aerosol (SOA) derived from that isoprene using yields from Ng et al., (2008) . The uncertainty in the shaded region is due to the range of aerosol yields (2.5-12.5% carbon mass, see text) and does not reflect the ±50% uncertainty in the derived nighttime isoprene oxidation. The full uncertainty is given in Table 3 . Bottom: Plots of nocturnally oxidized isoprene (left) and isoprene-SOA against WSOC from the data in the top graph. Blue squares and red circles on the bottom right graph show the correlation of isoprene SOA against WSOC for 2.5 and 12.5% yields, giving a 2 and 8% contribution to observed WSOC, respectively. tracers for anthropogenic emissions, such as acetylene, but that budgets of organic aerosol production are poorly represented by current understanding based on yields for individual VOCs measured in smog chambers (de Gouw et al., 2005 Quinn et al., 2006; Sullivan et al., 2006) . The contribution of biogenic VOCs to organic aerosol production remains uncertain, although recent analysis of radiocarbon in organic aerosol has suggested that a large fraction comes from biogenic sources, even in areas with large anthropogenic VOC emissions (Bench et al., 2007; Schichtel et al., 2008; Weber et al., 2007) . Because the yield of SOA from the NO 3 +isoprene reaction (Ng et al., 2008 ) is some 5-8× larger than from photochemical isoprene oxidation (Kroll et al., 2005) , its nighttime oxidation is a mechanism by which biogenic VOCs can more efficiently form SOA in polluted air masses. Furthermore, since NO 3 is derived from NO x and is an anthropogenic oxidant, aerosol produced via this oxidation would correlate with anthropogenic tracers, but maintain a biogenic carbon signature. Figure 10 shows the time series for organic aerosol, measured as water soluble organic carbon (WSOC) with a particle into liquid sampler (PiLS) ( Table 1) , for the 3 August flight. Shown together on the same scale is the calculated amount of isoprene oxidized after dark, converted to the same units (µg C m −3 ). The two quantities are similar in magnitude (oxidized isoprene was 65% of WSOC) and reasonably well correlated, as the lower left plot shows. It is important to note, however, that WSOC was also well correlated with other anthropogenic tracers (e.g., CO) such that the correlation in the lower left plot of Fig. 10 does not suggest that the majority of SOA was attributable to nighttime isoprene oxidation. Indeed, the smaller, shaded region in the upper graph of Fig. 10 shows nocturnally oxidized isoprene multiplied by the range of SOA yields for NO 3 +isoprene from the recent chamber study (Ng et al., 2008) . The range from the chamber study is given as aerosol mass produced per unit mass of parent hydrocarbon oxidized. Conversion from total mass to carbon mass requires the molecular weight of the condensing species. Under the assumption that the condensable products are carbonyl nitrates, with a formula C 5 H 7 O 4 N, the organic mass yield of 5-25% from the smog chamber is equivalent to an organic carbon yield of 2.5-12.5%. The predicted nocturnal isoprene SOA is plotted against observed WSOC in the lower right hand plot. The slopes of this graph give a range of 2-8% of measured WSOC attributable to nocturnally oxidized isoprene.
Although this analysis shows only a small contribution (typically <10%) of nighttime isoprene oxidation to total observed organic aerosol, the SOA mass derived from nighttime isoprene oxidation was large in comparison to that predicted from daytime isoprene oxidation. Figure 11 shows this calculation, again using the 3 August flight as an example. Although the amount of isoprene oxidized after dark was smaller than that oxidized photochemically, the laboratory mass yields for NO 3 -isoprene reactions are larger than those for OH-or O 3 -isoprene reaction, such that in this regionally polluted environment NO 3 was calculated to have made a larger contribution. Figure 11 shows the calculated isoprene SOA mass (as total rather than carbon mass) from each oxidant averaged for each of the sampled air masses on 3 August. The NO 3 -isoprene SOA mass is the product of the isoprene mass oxidized after dark by NO 3 and the laboratory SOA mass yield, taken here as 15±10% (for the 5-25% range given) (Ng et al., 2008) . Similarly, the OHisoprene SOA mass is the difference between the FLEX-PART integrated isoprene emission for each air mass and the amount oxidized after dark times the laboratory yield of 2±1% (range of 0.9-3%) (Kroll et al., 2005) . Finally, the O 3 -isoprene SOA mass is taken as 5% of the total isoprene emission times its laboratory SOA yield (1%) (Kleindienst et al., 2007) . The calculated OH and NO 3 isoprene SOA mass totals take into account the amount of isoprene oxidized by O 3 . The contribution of NO 3 to the total isoprene SOA is approximately 50% greater than OH in this regionally polluted area. However, this does not consider other possible routes for SOA formation from isoprene, such as heterogeneous reactions (Altieri et al., 2006; Ervens et al., 2008; Liggio et al., Analysis of several other flights showed correlations between nocturnally oxidized isoprene and observed WSOC, non-negligible contributions of NO 3 -isoprene SOA to total organic aerosol, and large nighttime isoprene-SOA compared to photochemical isoprene-SOA, as shown in Table 3 . Figure 12 gives one additional example, from the night flight on 7 August which sampled mainly along the coastline from New Jersey to Massachusetts under conditions of offshore flow. In this case, there was a small organic aerosol loading, 0.5-1.5µg C m −3 , but it was again well correlated and of the same magnitude as the isoprene oxidized after dark. The fraction of secondary organic aerosol attributable to oxidized isoprene was 2-10%. Analysis of the 31 July flight showed a similar result, although the determination of isoprene oxidized after dark was much less certain (see Table 2 ). By contrast, flights in which the background organic aerosol loading was already substantial (e.g., 11 July, 9 August) showed only small amounts of observed organic aerosol attributable to nocturnal isoprene oxidation (<4%), even though there was a comparable amount of isoprene oxidized on these flights. In these cases, the correlations between oxidized isoprene and WSOC were poor. These observations suggest that the signature of nocturnally-produced isoprene SOA is most apparent when the background aerosol concentrations are small. Photochemical production of organic aerosol from anthropogenic VOC on the preceding day has the capacity to produce much larger amounts of organic aerosol than nighttime processes (e.g., de Gouw et al., 2005 , so that the influence of nighttime chemistry on SOA becomes less apparent if the daytime, background SOA loading is large. Nevertheless, the derived isoprene-SOA from NO 3 , ranging up to 17% of observed organic aerosol and in many cases dominating the SOA derived from isoprene (see Table 3 ), is a source that may need to be accounted for in models if these results are borne out by further work and if current understanding of SOA yields is correct.
Summary and conclusions
This paper has examined nighttime oxidation of isoprene in air masses sampled from an aircraft within the residual daytime boundary layer during the summer of 2004 in the Northeast US. Results from this study are applicable to isoprene oxidation occurring at night within the daytime residual boundary layer (∼0.1-1.5 km) during summertime in a polluted, forested region. Other biogenic VOCs, particularly monoterpenes, were not addressed here because they were not observed in large concentration from the aircraft. However, nocturnal oxidation of these hydrocarbons is rapid via both O 3 and NO 3 , such that their oxidation rates and production of organic nitrates and secondary organic aerosol should be strongly influenced by regional NO x pollution (Fry et al., 2009; Hallquist et al., 1999) . Because monoterpene oxidation is temperature but not sunlight dependent, and because these compounds are more reactive with both ozone and NO 3 , the signature of their oxidation should be most apparent within the nocturnal boundary layer. As a result, their nocturnal oxidation products may be both more concentrated and more vertically stratified. Study of these oxidation processes will be of considerable future interest but may require vertically resolved measurements above NO x -impacted forest canopies.
